In order to manage the aero-engine operational condition and guide timely engine replacements, the compressor performance deterioration can be analyzed and built. In the quantitative deterioration model, the blade fouling and the increase of tip clearance were selected as the deterioration impact factors. The simulation showed that with the increase of rotation rate, the average pressure ratio and efficiency errors caused by the two kinds of deterioration factors dropped from 16.3%, 19.4% to less than 4%, 5%; and that caused by combined action of the two kinds of deterioration factors dropped from 17.6%, 21.6% to less than 5%, 6%. The agreement between the correlation analysis of the calculation results and the measured results proved that this model can simulate deterioration of compressor precisely, and it can be spread into the investigation of the multiple-rotor turbofan engines.
INTRODUCTION
As a key part of aircraft engine, the compressor is always placed in a hot, humid and salt-spray environment. The performance deterioration changes are extraordinarily complex. So a loss coefficient is often introduced into the calculation model to determine the performance deterioration of compressor under different conditions and states. But biases are found between calculation results of qualitative loss coefficient and actual deterioration results of compressor, which leads to a lower accuracy of predicted or measured compressor performance (Li, et al., 2010) .
To solve this problem, domestic and foreign scholars have done certain research work. An engine health monitoring system developed by P&W Company realized the quantitative analysis of compressor performance deterioration with compressor parameters. Meanwhile, on this basis, Arnold Engineering Development Center studied performance simulation technology for engines with variable geometry and simulated performance changes and fault inducement process under any working conditions, at the rotation rate from zero to maximum using ATEST software. But these methods can only analyze sequential parameters. They can't do anything about non-sequential parameters that affect performance, such as the horizontal analysis of tip clearance, blade fouling and other deterioration factors . Li Zhao et al. proposed to simulate the impact of changes in different deterioration factors on compressor performance (Li, et al., 2011) , using computer simulation technology and realized the quantitative analysis of compressor performance deterioration. However, the nonlinear impact of different deterioration factors on compressor performance hasn't been analyzed in depth. Li Dong et al. presented a steady state model of engine and built a nonlinear constraint mathematical model to optimize compressor performance parameters (Li, et al., 2012) . However, this model isolated the thermal process of compressor and made pure mathematical calculations. It cannot be analyzed in combination with the working principle of engine (Wang, et al., 2005) . The calculation results may deviate from the real situation.
For this reason, the present study explores the impact of all deterioration factors on compressor performance quantitatively using nonlinear deterioration simulation method. And a nonlinear relationship model between all deterioration factors and compressor performance parameters is built, combined with the working principle of compressor. To take the most typical impact factors of compressor performance deterioration, i.e., blade fouling and tip clearance for example, this paper analyzes all factors, as well as the impact of their interaction on compressor performance.
DETERIORATION FACTORS AND IMPACT ANALYSIS
Typical deterioration factors of aircraft engine compressor are blade fouling and tip clearance. The increase of the former will intensify loss of frictional resistance on annular boundary layer on the inside and outside wall. Meanwhile, due to retardation on the annular boundary layer, the blade boundary layer in the end wall region will become thicker and even separate beforehand or the separation is intensified. Retardation of the blade boundary layer caused by the latter will make it difficult for gas on the annular boundary layer to flow. The degree of boundary layer deepens. Therefore, the interaction between boundary layers caused by these two deterioration factors is one of the important reasons for a sharp decrease of cascade efficiency in the end wall region of compressor blade.
Based on an experience curve of total pressure loss of rotor, in which the abscissa is diffusion factor and the ordinate is total pressure loss of rotor. From this experience curve and Eq.(1): when , the loss of end wall region of blade is very large, especially the blade tip. So the size of tip clearance directly affects the total pressure loss of compressor.
(1) From Eq.(2), to calculate compressor efficiency, we only need to measure the total inlet pressure and total temperature of compressor. When the blade is fouled, the most evident impact on gas path parameter is that the surface roughness of blade increases, the boundary layer thickens, airflow is obviously stagnated and the airflow is separated in advance. As a result, decreases and increases. When tip clearance increases, backflow and underflow loss are intensified. A low velocity zone of vortex is produced in the downstream of the middle of path, i.e., vortex core (Sun H O, et al. 2014) decreases and increases.
(2)
COMPRESSOR PERFORMANCE MODEL BASED ON DETERIORATION FACTORS
With blade fouling and tip clearance of compressor as deterioration factors, by setting compressor performance parameters and boundaries, etc., the changes in blade fouling and tip clearance, as well as changes in pressure ratio and efficiency at different rotation rates under their interaction are calculated, to analyze changes in compressor performance.
Parameter Setting
Denote the performance parameter set of compressor as P, the deterioration factor set as M, the rotation rate set as N and the corresponding nonlinear relationship as P=f(M, N). All calculations adopt relative deviation. Relative deviations of rotation rate and performance are defined as in Eq.(3):
(3) N 0 is the initial rotation rate. P 0 is the initial value corresponding to N 0 . The performance parameter set P is composed of pressure ratio deterioration and efficiency deterioration. It changes with M and N. The deterioration factor stem is composed of blade fouling and increase of tip clearance. There are only three states, i.e., M(1,0) for blade fouling only, M(0,1) for increase of tip clearance only and M(1,1) for both blade fouling and increase of tip clearance. The rotation rate set starts to change linearly from N 0 . The deteriorationmodel is shown in Figure1.
Boundary Setting
To build a compressor performance deterioration model accurately, the following hypotheses must be made: Hypothesis 1: Suppose that changes in compressor rotation rate are a continuous process. The corresponding performance parameter set P also changes with rotation rate continuously. Meanwhile, except two deterioration factors and rotation rate, other compressor parameters are not allowed to change largely.
Hypothesis 2: Suppose that the flow field distribution in the inlet and outlet of compressor is already known. The working medium of gas is transformed from international standard atmosphere based on the principle of similarity and gas flow can modelRe automatically .When Reynolds number is greater than a 1 2 2 1 * 1
certain value, referred to as critical Reynolds number, the inertial force is far greater than the viscous force. The effect of viscous force can be ignored. At this point, the changes in Reynolds number will not affect the similarity of flow.
According to the above hypotheses, when the distribution of each section flow field in a multiple rotor turbofan engineis known and external conditions don't change substantially, this model holds true.
Figure 1.Deterioration model based on deterioration factors

Problem Solving Process
The concrete calculation process is as follows: 1) To choosethe deterioration state M and initialize the performance parameterP 0 and rotation rate N 0 at a reference point. Set P 0 =f(M,N 0 )+Z 0 , where Z stands for residual;
2) For the variation of each N, , there is a corresponding . Substitute it into themodel. Each Pi=f(M,N i )+Z i can be calculated.
3) To choose m random coefficients rand for each . Let rand∈(0,1),
5) By repeated iteration in this way, since residual cannot be eliminated completely, we believe when , the equation set P=f(M,N) holds true. Obtain their mapping relation.
4.MODEL CALCULATION
Data Analysis
The simulation data used in this model come from Ref (Li, et al., 2010) . The boundary conditions are set as axial inflow in the inlet. The total temperature is given as 303K. The total pressure is 100825Pa. The outlet is a pressure outlet. The static pressure is given. The wall is heat-insulated, without slip. The equivalent surface roughness of rotor is given as
The deterioration of compressor at different rotation rates is shown in Table 1 . There are only7 sets of data different rotation rates. According to the principle of hypothesistesting, i.e., when α<0.05, the risk of statistical decision-making is greater than the confidence level of 0.95. At least 90 sets of data are needed. The sample size is obviously insufficient. Below, the data will be expanded effectively, using RBF neural network. 
Data Expansion
To expand samples effectively, RBF neural network method is used. This network is a three-layer feed forward neural network, based on physiological principle. It is characterized with a simple structure and quick learning and used for function approximation and classification (Zhang H B, et al. 2009 ). With rotation rate and deterioration factor as the input samples, 6 deteriorations as ideal the output samples, 7 sets of data are trained. After that, with vectors from 10 to 100 with a step of 1 as the input, corresponding output is simulated. Then deteriorations of different deterioration factors at the rotation rate of 10%-100% are obtained. Network training is given on the expanded data set. After that 7 sets of original rotation rates are used as the input. Simulate their output. The results are analyzed and compared with the original data. If the error is within , then the simulation is valid. If not, the simulation is invalid. The transfer function from the input layer of RBF neural network to the hidden layer adopts sigmoid tangent function tansig. The transfer function from the hidden layer to the output layer adopts sigmoid log function logsig. The learning function adopts traingd, according to the gradient descent method. The number of nodes on the hidden layer has a greater impact on network performance. The optimal number of nodes on the hidden layer can be calculated from Eq.(4).
(4)
Where 1 stands for the number of nodes on the hidden layer, m for the number of input nodes, n for the number of output nodes and c for a constant between 1 and 10.
To Verify the Validity of Expanded Data
The input vectors of training sample contain 3 parameters. The input is set as columnvectors in 3 dimensions, while the output is deteriorations relative to performance parameters, columnvectors in a total of 6 dimensions. So the numbers of nodes on the input layer and the output layer are 3 and 6. Through trial and error using Eq.(4), set the numbers of nodes on the hidden layer as 11 and build a 3×11×6RBF network. Normalize and restore the output value, as shown in Table 2 Table 2 shows relative errors of expanded data and original data. The average errors of 6 variables at7 rotation rates are 2.14%, 0.18%, 2.60%, 0.23%, 0.56%, 0.01% and 0.95% respectively. The average errors at 7 rotation rates are 0.51%, 0.35%, 0.34%, 0.35%, 0.56%, 2.50% and 3.23% respectively. The total average error of all of the 42 data is 0.95%.Longitudinally, the efficiency deterioration errors of blade fouling and increase of tip clearance are significantly greater than those of the other 5 groups. The group average errors are 2.14% and 2.60% respectively. All of the average errors of the other 5 groups are far below 1%. Horizontally, as the rotation rate increases, the error first rises, then falls. When the rotation rate changes from 0.51% to 46.5%, the error is the minimum, 0.34%. Later the group average error gradually increases to a maximum of 3.23%, when the rotation rate is 98%. The absolute values of all errors are controlled within 10%. The group average error is within 4%. The total average error is 0.95%, far lower than the upper limit of error, 10%. So the expanded data are valid.
Calculation Results
Substitute deterioration errors in Table 2 (blade fouling and increase of tip clearance) into the deterioration model for calculation. Set m as 8. Obtain the impact of compressor measured parameters (pressure ratio and efficiency). The results are shown in Figure 2 ~5 .
RESULT ANALYSIS AND VERIFICATION
Result Analysis
1) The variation of deterioration errors with rotation rate From Figure 2 ~5 , the variation trend of errors of compressor performance parameters deterioration with rotation rate is that errors decrease constantly with the increase of rotation rate. When the rotation rate is between 10% and 30%, the pressure ratio errors of blade fouling and increase of tip clearance are large. The average error is 16.3%. When the rotation rate is between 30% and 50%, the error gradually decreases from
n m l 10.2% through to 4.6%. While when the rotation rate is between 70% and 100%, the error is basically within 4%.When the rotation rate is between 10% and 30%, the average pressure ratio error of combined action is 17.6%. When the rotation rate is between 30% and 50%, the average error is 11.3%. When the rotation rate is between 50% and 70%, the average error is 5.7%. When the rotation rate is between 70% and 100%, the average error is within 5%. When the rotation rate is between 10% and 30%, the errors of blade fouling and increase of tip clearance are great. The average error is 19.4%. When the rotation rate is between 30% and 50%, the error drops significantly. The average error is 12.3%. When the rotation rate is between 50% and 70%, the error drops again from 12.3% to 5.4%. When the rotation rate is between 70% and 100%, the error is basically within 5%. When the rotation rate is between 10% and 30%, the average efficiency error of combined action is 21.6%. When the rotation rate is between 30% and 50%, the average error is 13.4%. When the rotation rate is between 50% and 70%, the average error is 6.1%. When the rotation rate is between 70% and 100%, the error is within 6%.
2) The interaction between two deterioration factors Thus it can be concluded that: the efficiency error is slightly larger than the pressure ratio error. The error of combined action is slightly larger than individual action and decreases with the increase of rotation rate. In the setting of analytical model, when measuring pressure ratio deterioration, only the total pressure losses before and after are considered. There are few impact factors. Efficiency deterioration, however, includes frictional and thermodynamic losses. There are many impact factors. So the efficiency error is greater than the pressure ratio error. The deterioration of combined action itself is greater than that of individual action. And the interaction between two factors is highly nonlinear. The mutual interference between two factors in the process of simulation adds to high-order component of errors. As high-order component doesn't have a large impact, the error of combined action is slightly greater than individual action, but far less than the sum of both errors. 3) The impact of rotation rate on error As the established model has great calculation error at a low rotation rate, yet very small and stable error at a high rotation rate, considering the hypotheses before the model is set, the efficiency and pressure ratio related to RE need to be revised. The automatic modeling of Re sets the lower critical value as ReⅠ=2×10 5 . The upper critical value ReⅡ=3.5×10 5 derives from the design manual.Based on the boundary conditions setting of model, when the rotation rate reaches 30%, Re=1.953×10 5 . When the rotation rate reaches 50%, Re=3.553×10 5 . When the rotation rate is between 10% and 30%, Re is below the lower critical value. The average error of 6 variables reached 17.85%. When the rotation rate is between 30% and 50%, Re is between lower critical value and upper critical value. The average error decreases to 11.25%. When the rotation rate is between 50% and 100%, Re is above the upper critical value. The error decreases significantly to less than 10%. When the rotation rate is between 10% and 70%, the engine is started to a slow running state. The rotation rate of compressor is far away from the design conditions. NeitherRe nor temperature can be compared with the design conditions. Thus, the error is always large. After reaching the rotation rate of 70%, the rotation rate of compressor is close to the design conditions. The environmental conditions are simulated in a closer way to real conditions. The error is reduced to less than 5%.
4) The application scope of model At present, major civil aviation aircrafts often use bi-rotor turbofan engines with a high bypass ratio. Under the mutual influence of high and low pressure rotors and fan flow field, the changes in gas path parameters are very complex. To simplify calculation and eliminate external influence, parameters are isolated into single units. With single rotor axial compressor as the research object, the model greatly simplifies the boundary conditions of gas inlet and outlet. Therefore, for turbofan engines used in civil aviation, the theoretical basis of simulation is still accurate, but we need to simulate fans, low pressure and high pressure compressors respectively and set reasonable boundary conditions. Then the results of compressor performance deterioration are still accurate. 
Correlation Analysis and Comparison
Correlation analysis refers to an analysis of two or more correlated variables, so as to measure the close association between two variables. The greater correlation, the smaller relative error they have. Now a correlation analysis of the calculation results of model will be conducted, to verify analysis in 5.1 The results of correlation analysis between estimated value and actual value are shown in Table 3 . Table 3 shows sectional correlation of all data. The average correlation of blade fouling pressure ratio is 0.95. The average correlation of blade fouling efficiency is0.88.The average correlation of pressure ratio of increase of tip clearance is 0.80. The average correlation of efficiency of increase of tip clearance is 0.95. The average correlation of pressure ratio of combined action is 0.93. The average correlation of efficiency of combined action is 0.80. The average correlation at the rotation rate of 10%~30% is 0.75. The average correlation at the rotation rate of 30%~50% is 0.90. The average correlation at the rotation rate of 50%~70% is 0.90. The average correlation at the rotation rate of 70%~100% is 0.98. Horizontally, among 6 variables, the efficiency error of combined action is the largest. The pressure ratio error of blade fouling is the smallest. The average error of blade fouling is larger than that of the increase of tip clearance. The efficiency error of the same deterioration factor is greater than pressure ratio error. The error of combined action is between the errors of two individual deterioration factors. Longitudinally, as the rotation rate increases, the average error gets smaller and smaller. All of the trends are consistent with 5.1. The analysis is thus verified. 
CONCLUSION
The impact of different deterioration factors on compressor performance at different rotation rates is calculated using a deterioration model. In the case of limited data, it is effective and available to expand data using RBF neural network. Deterioration model is valid for the simulation of typical single rotor compressor with a simple structure and has a certain guiding significance to the study of multiple rotor turbofan engines. The performance impact error of combined action calculated from the model is greater than individual action and smaller than the sum of errors of individual action. The efficiency error is greater than pressure ratio error. When the rotation rate is greater than the critical value of automatic modeling of Re, the deterioration model can calculate the performance parameters of compressor well. When the rotation rate is small, it is necessary to consider Reynolds number correction when calculating performance parameters using the model.
